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Abstract 28 
The present study aimed to investigate practical strategies to optimise the use of a high-29 
DHA lipid emulsion (M70), a product with great potential in live prey enrichments for 30 
marine larviculture. Considering its particularly high content in docosahexaenoic acid 31 
(22:6n-3, DHA), the adequate utilisation of the emulsion for Artemia enrichments was 32 
evaluated in a series of six experiments. More specifically, the bioencapsulation 33 
efficiency of M70 into Artemia nauplii was tested under different experimental 34 
conditions of oxygen source, aeration flow, incubation temperature, concentration and 35 
dosage, as well as nauplial densities. Our results showed that an optimal utilisation of 36 
M70 is achieved with incubation temperatures of 28 ºC, moderate aeration flows and 37 
nauplial densities of 300 ind mL-1. In addition, the emulsion can be dispensed in the 38 
enrichment medium in one single dose of 0.8 g L-1, with no apparent detrimental effects 39 
on its oxidative stability and Artemia nauplii survival during enrichment. 40 
3 
1. Introduction 41 
    Marine fish, and particularly their larval stages, have high requirements for highly 42 
unsaturated fatty acids (HUFA), including the physiologically active arachidonic 43 
(20:4n-6, ARA), eicosapentaenoic (20:5n-3, EPA) and docosahexaenoic (22:6n-3, 44 
DHA) acids. Whereas the essential fatty acids (EFA) requirements of freshwater and 45 
salmonid species can be met by including the C18 polyunsaturated fatty acids (PUFA) 46 
α-linolenic acid (18:3n-3, LNA) and linoleic acid (18:2n-6, LA) (Buzzy et al. 1996; Bell 47 
et al. 2004), it is generally accepted that marine species have limited capability for the 48 
biosynthesis of HUFA from the C18 PUFA, although, exceptionally, some species have 49 
been proved to express genes encoding fatty acyl desaturases and elongases involved in 50 
these biochemical pathways (Yamamoto et al. 2010; Monroig et al. 2011; Morais et al. 51 
2011). In consequence, adequate levels of pre-formed ARA, EPA and DHA need to be 52 
supplied through the diet to ensure normal growth and development (Bell et al. 1995, 53 
2003; Estévez et al. 1998, 1999; Sargent et al. 2002; Tocher et al. 2003; Benitez- 54 
Santana et al. 2007).  55 
    Artemia nauplii are widely used as live prey in marine fish hatcheries worldwide, due 56 
to their availability and digestibility (Léger et al. 1986). The nutritional value of 57 
Artemia nauplii, however, is not adequate for marine fish larvae since they are largely 58 
deficient in essential HUFA, particularly DHA (Koven et al. 1990). In order to 59 
overcome the problem, Artemia nauplii are enriched through incubations in seawater 60 
containing HUFA-rich products that are passively incorporate by the nauplii (Léger et 61 
al. 1986). This procedure is called bioencapsulation (Navarro et al. 1999). Many 62 
different enrichment diets have been used to enhance Artemia EFA contents: microalgae 63 
(Watanabe et al. 1982; Aragão et al. 2004), microcapsules (Southgate & Lou 1995), 64 
liposomes (Hontoria et al. 1994; McEvoy et al. 1996; Monroig et al. 2003; 2006a, b, c), 65 
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and lipid emulsions (Léger et al. 1986; Evjemo et al. 1997; Han et al. 2000; 2001; 66 
2005). 67 
    Lipid emulsions are arguably the most extended enrichment diets and a big variety of 68 
products are now commercially available. Composition of commercial lipid emulsions 69 
basically consists of fish oils, with other minor components including emulsifying 70 
agents, vitamins and fatty acid (FA) derivatives such as fatty acid ethyl esters (FAEE) 71 
added to compensate suboptimal natural profiles of fish oil (Monroig et al. 2007). 72 
Whereas the efficiency of enrichment protocols with emulsified diets is normally higher 73 
than that of other enrichment products (Coutteau & Sorgeloos 1997; Sorgeloos et al. 74 
2001), their use has been related with detrimental side effects. Among them, the 75 
autoxidation of HUFA (McEvoy et al. 1995; Sargent et al. 1997) and the consequent 76 
bioaccumulation of potentially toxic lipid peroxides into larvae fed emulsion-enriched 77 
Artemia (Monroig et al. 2006) have been described. Furthermore, autooxidation of 78 
HUFA-rich products might deplete dissolved oxygen (DO) levels in the enrichment 79 
medium and thus can further compromise the overall performance of the enrichment 80 
process as well as favour Artemia mortalities (Léger et al. 1987; Figueiredo et al. 2009). 81 
Importantly, the most hindering and yet unresolved drawback from the use of emulsion-82 
based enrichers involves specific difficulties in increasing the DHA content of nauplii. 83 
    The low efficiency of DHA enrichment in Artemia nauplii has been acknowledged as 84 
a major obstacle for their use as live prey for first-feeding larvae of marine fish (Bell et 85 
al. 2003; Haché et al. 2011). While the bioencapsulation of other HUFA including EPA 86 
and ARA has been readily achieved (Villalta et al. 2005a, b), specific factors 87 
determining the limited DHA incorporation into Artemia appear to exist. On one hand, 88 
the autooxidation mechanisms mentioned above might be particularly severe for DHA 89 
compared to other HUFA, due to its longer chain length and higher unsaturation degree 90 
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(Cosgrove et al., 1987). On the other hand, biological factors related to Artemia 91 
physiology also need to be considered. Naturally occurring trace levels of DHA found 92 
in Artemia lipids (Evjemo et al. 1997) suggest that Artemia DHA requirements are low, 93 
and excessive DHA input occurring during enrichment might be compensated through 94 
DHA retroconversion to EPA (Watanabe et al. 1983; Furuita et al. 1996; Barclay & 95 
Zeller 1996; Evjemo et al. 1997; Navarro et al. 1999). In order to overcome such 96 
adverse effects, novel enrichment strategies to enhance the DHA contents of Artemia 97 
nauplii need to be developed. 98 
    In the present study, we investigated the efficiency of a DHA-rich oil emulsion 99 
(M70) as enrichment diet for Artemia nauplii. Considering the particular aspects derived 100 
from its DHA-rich nature, a series of experiments were carried out to establish an 101 
optimal use of M70 under different oxygenation regimes, incubation temperatures, 102 
enrichment product concentrations and dosage modes, as well as different nauplial 103 
densities. All the investigated parameters were previously shown as relevant aspects 104 
during live prey enrichment procedures (Van Stappen 1996; Han et al. 2000, 2001; 105 
Monroig et al. 2006a, b; Sui et al. 2007; Hamre & Harboe 2008; Figueiredo et al. 106 
2009).  107 
2. Materials and methods 108 
2.1 Emulsion formulation 109 
    The experimental lipid emulsion M70 consisted of a 1:1 (v/v) oil/water suspension, of 110 
which the synthetic oil DHA Algatrium (Brudy, Barcelona, Spain) contained 111 
approximately 70% DHA of total FA in the form of ethyl esters. Xanthan gum (0.36 %) 112 
and Tween 80 (0.10 %) were used as stabiliser and emulsifier, respectively (Giner 113 
2005). M70 formulation was developed by Archivel Technologies S.L. (Barcelona, 114 
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Spain) and the The Physical and Sensory Properties Laboratory at the Instituto de 115 
Agroquímica y Tecnología de los Alimentos (IATA-CSIC, Valencia, Spain). The FA 116 
profiles of the M70 emulsion are reported in Table 1. 117 
2.2 Artemia nauplii enrichments: general conditions 118 
    Low HUFA containing Artemia nauplii were obtained from the hatching of EG grade 119 
cysts (Inve, Ghent, Belgium). After an incubation period of 23 h at 28 ºC, nauplii were 120 
collected and rinsed with tap water to remove the hatching metabolites and debris. 121 
Newly hatched nauplii were thereafter placed in 1 L cylinder-conical glass vessels 122 
containing seawater for further enrichment with the experimental emulsion M70. Unless 123 
otherwise stated, Artemia enrichments were carried out at 28 ºC, aeration of 1 L min-1, 124 
diffusion system consisting of a 25-cm long and 0.5-cm-diameter section glass tube 125 
applied from the bottom of the vessel, nauplial density of 300 nauplii mL-1, and product 126 
concentrations of 0.8 g L-1 for M70 dispensed in a single dose at the beginning of the 127 
enrichment process. All the enrichment treatments were run in triplicates (n=3). After 128 
an enrichment period of 21 h, samples of Artemia nauplii were collected by filtering the 129 
enrichment medium through a 100 μm mesh carefully washed with tap water in order to 130 
eliminate remains of emulsion adhered to the nauplial shells, and subsequently rinsed 131 
with distilled water. Artemia samples were frozen at -20 ºC and freeze-dried previous to 132 
FA analysis. 133 
2.3. Artemia nauplii enrichment with M70: protocol optimisation 134 
    Optimal conditions for the use of M70 in Artemia enrichments were assessed by 135 
analysing the FA composition of the nauplii obtained from a series of experiments (1-6) 136 
varying the type and source of aeration, temperature, dosage and concentration of 137 
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enrichment product and nauplial density. Conditions for each subsequent experiment 138 
were established based on the results from preceding experiments (Table 2). 139 
2.3.1 Experiment 1: Effects of oxygen source 140 
    The effects of air quality on the enrichment efficiency of the emulsion M70 were 141 
tested. Three different treatments, all providing a fairly constant dissolved oxygen 142 
content above the recommended 4 mg L-1 (Van Stapen, 1996), were tested: “oxygen”, 143 
with pure oxygen; “air”, with compressed air; and “mixture”, with both pure oxygen 144 
and aeration. 145 
2.3.2. Experiment 2: Effects of aeration 146 
    In order to assess the effects of the aeration level in the Artemia enrichment with 147 
M70, three different air flows were tested: “1 lpm”, “2 lpm” and “3 lpm” with air flows 148 
of 1.0, 2.0 and 3.0 L min-1, respectively, being used. Air flows were individually 149 
controlled in each enrichment vessel by means of a rotameter (Key Instruments, 150 
Trevose, PA, USA).  151 
2.3.3 Experiment 3: Effects of temperature 152 
    The effects of temperature in the enrichment process were assessed by incubating the 153 
nauplii in the presence of M70 at 24 ºC (treatment “24C”) or 28 ºC (treatment “28C”). 154 
The temperature was kept (± 1 ºC) constant by placing the enrichment vessels in a 155 
thermostatic bath. 156 
2.3.4 Experiment 4: Effects of enrichment product concentration  157 
    The effects of the M70 concentration on the enrichment efficiency were evaluated by 158 
enriching Artemia at two different concentrations: 0.8 g M70 L-1 (treatment “0.8”), this 159 
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concentration being equivalent to 0.6 g L-1 recommended for commercial emulsions 160 
after correction for the water content difference; and 0.6 g M70 L-1 (treatment “0.6”).  161 
2.3.5. Experiment 5: Effects of product dosage 162 
    In order to assess the effects of the enrichment product dosage on Artemia 163 
bioencapsulation, two experimental treatments were established: “2 doses”, with M70 164 
emulsion being splitted into two doses supplying 0.4 g L-1 at the beginning of the 165 
enrichment process and 0.4 g L-1 after 7 h; “1 dose”, with the enrichment diet M70 166 
being supplied in a single dose of 0.8 g L-1 at the beginning of the enrichment process. 167 
2.3.6 Experiment 6: Effects of nauplial density 168 
    The effect of nauplial density in the Artemia enrichment with M70 was evaluated by 169 
incubating the nauplii at two different densities, 150 (treatment “low dens”) and 300 170 
nauplii mL-1 (treatment “high dens”). As the last of our experiments aiming at 171 
optimisation of M70 as enrichment diet, Experiment 6 was carried out under those 172 
experimental conditions (oxygen source, aeration flow, temperature, product 173 
concentration and product dosage) that had produced the optimal enrichment results in 174 
the preceding Experiments 1-5. Moreover, we compared the enrichment performance of 175 
M70 with that of DC Super Selco (“DCSS”, Inve, Ghent, Belgium), a commercial 176 
product basically consisting of a fish oil emulsion. DCSS enrichment was carried out 177 
under the same conditions of M70, except for the product concentration,  0.8 g L-1 for 178 
M70, and 0.6 g L-1for DCSS,  to compensate for the different water content of both 179 
products (50 % and 30 % for M70 and DCSS, respectively), as mentioned before. 180 
2.4. Total lipids and FA analyses 181 
9 
    Total lipids were extracted (Folch et al. 1957) from nauplii freeze-dried samples, 182 
measured gravimetrically (XS105 Mettler Toledo, Switzerland), and stored in 183 
chloroform: methanol (2:1; v/v) containing 0.01% butylated hydroxytoluene (BHT) at -184 
20 ºC until further use. Total lipids were subjected to acid catalysed transmethylation 185 
for 16 h at 50 ºC using 1 mL toluene and 2 mL of 1% (v/v) sulphuric acid in methanol 186 
(Christie, 2003). Fatty acid methyl esters (FAME) were extracted with hexane:diethyl 187 
ether (1:1; v/v) containing 0.01% BHT and purified by thin-layer chromatography 188 
(Silica gel G60, 20 x 20 cm glass plates, Merck, Darmstadt, Germany) using 189 
hexane:diethyl ether:acetic acid (85:15:1.5; v/v/v) as a solvent system. FAME were then 190 
analysed with a Fisons Instruments GC 8000 Series (Rodano, Italy) gas chromatograph. 191 
Peaks were recorded using the Azur software package (version 4.0.2.0. Datalys, 192 
France). Individual FAME were identified by comparison with known standards. The 193 
relative amount of each FA was expressed as a percentage of the total amount of FA. 194 
2.5. Statistical analysis 195 
    Analytical data were expressed as means ± standard deviations (n=3). Differences 196 
between treatments were analysed by one-way analysis of variance (ANOVA), followed 197 
by either Bonferroni’s multiple comparison test or a Student’s t-test when only two 198 
groups were compared (Sokal & Rohlf, 1981). If heterogeneity of variances existed, 199 
Welch test was used to detect differences, followed by Games-Howell test to assess the 200 
differences between groups. When significance was P≤0.05, means were considered 201 
statistically different. The FA analytical data from Experiment 6, for which a 202 
comparison with the commercial product DCSS was carried out, were further analysed 203 
by multivariate Principal Components Analysis (PCA), in order to highlight the effects 204 
of factors  enrichment diet and nauplial density. Statistical analyses were performed 205 
using the SPSS statistical package (SPSS Inc., Chicago, Illinois, USA). 206 
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3. Results 207 
3.1 Experiment 1: Effect of oxygen source 208 
    Whereas the DHA bioencapsulation into Artemia nauplii did not show statistical 209 
differences among the treatments in Experiment 1, the levels of EPA and ARA in 210 
nauplii from “air” treatment were significantly higher than those of treatments “oxygen” 211 
and “mixture” (Table 3). Thus, the DHA/EPA ratio also showed statistically significant 212 
differences and Artemia from “oxygen” treatment had higher DHA/EPA values (1.8 ± 213 
0.0) in comparison with nauplii from treatments “air” and “mixture” (1.6 ± 0.1). As a 214 
preliminary conclusion from Experiment 1, DHA levels were similar in nauplii from all 215 
treatments and thus use of pure oxygen did not improve the enrichment efficiency of a 216 
more readily available source like compressed air. 217 
3.2 Experiment 2: Effect of aeration 218 
    The FA profiles of the Artemia nauplii enriched under different air flows (“1 lpm”, “2 219 
lpm” and “3 lpm”) are shown in Table 3. Our results suggested that M70 enrichments 220 
are more efficient under relatively low air flows. Thus, the DHA contents of Artemia 221 
from treatment “1 lpm” were significantly higher than those of Artemia from treatment 222 
“3 lpm”. This was also reflected in the DHA/EPA ratio of both treatments, being 1.4 223 
and 1.3 for “1 lpm” and “3 lpm” treatments, respectively. Experiment 2 results allowed 224 
us to conclude that enrichment procedures at 1 L min-1 improved M70 bioencapsulation 225 
efficiency. 226 
3.3 Experiment 3: Effect of temperature  227 
    Table 3 shows the FA profiles of Artemia nauplii enriched with M70 at 24 and 28 ºC. 228 
Our results indicated that the contents of ARA, EPA and DHA, as well the ratio 229 
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DHA/EPA, were significantly higher in nauplii incubated at 28 ºC than at 24 ºC. 230 
Overall, 28 ºC was confirmed to be a more adequate incubation temperature for M70 231 
enrichments compared to 24 ºC. 232 
3.4 Experiment 4: Effect of product concentration  233 
    Experiment 4 compared the HUFA bioencapsulation performance of M70 dispensed 234 
to Artemia nauplii at product concentrations of 0.6 or 0.8 g L-1. Generally, no 235 
differences among any of each individual FA analysed were detected between both 236 
treatments (P>0.05), possibly due to a remarkably high variability in the FA contents of 237 
“0.6” nauplii. Despite no significantly different, average DHA contents in nauplii from 238 
treatment “0.8” (8.3 ± 0.2) were still higher than those of “0.6” nauplii (6.6 ± 2.0) 239 
(Table 3). Moreover, statistically significant increases of the DHA/EPA ratio were 240 
observed for M70 concentrations of 0.8 g L-1. We could therefore conclude that an M70 241 
concentration of 0.8 g L-1 produced better bioencapsulation results than 0.6 g L-1. 242 
3.5 Experiment 5: Effect of product dosage 243 
    The results from Experiment 5 indicated that dispensation of the enrichment product 244 
M70 in one or two doses did not produce differences in the FA profiles from Artemia 245 
lipids (Table 3). It was concluded that dispensing the product M70 in one single dose at 246 
the beginning of the enrichment process was a more practical and simpler strategy. 247 
3.6 Effects of nauplial density 248 
    No effect of the nauplial density (150 and 300 nauplii mL-1) on the enrichment 249 
performance with M70 was observed. Thus, no significant differences among any of the 250 
FA analysed could be established. Interestingly, a notable impact on Artemia FA 251 
profiles was observed when comparing the enrichment products M70 and the 252 
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commercial emulsion DCSS, the control treatment in Experiment 6. The enrichment 253 
comparisons with DCSS showed that differences were mainly attributable to the effect 254 
of enrichment product (Table 3). This was further corroborated by the PCA, with the 255 
first component (PC1) explaining 92.5 % and the second 6.5 % (Fig. 2A), and 256 
subsequent score plot (Fig. 2B) that revealed two groups separated in the first 257 
component on the basis of the enrichment product used, whereas no separation based on 258 
the nauplial density was achieved. The association of the two groups to their respective 259 
variables allowed to identify 18:1n-9, LA and EPA with DCSS and 16:0, 18:0, 18:1n-7, 260 
LNA, ARA and DHA with M70 in the first component. 261 
4. Discussion 262 
    It has been often reported in the literature that bioencapsulation of HUFA into 263 
Artemia nauplii is particularly difficult to achieve (Navarro et al.1999; Bell et al. 2003). 264 
Among the factors believed to account for such limited efficiency for HUFA delivery, 265 
some have a particular relevance when DHA-rich enrichment products are used. Here, 266 
we investigated diverse practical strategies to optimise the use of the emulsion M70, a 267 
product with great potential for its use in Artemia enrichments. 268 
    Dissolved oxygen (DO) availability in the culture medium is critical for Artemia 269 
survival during enrichment, and DO concentrations above 4 mg L-1 have been proposed 270 
(Van Stappen 1996). While standard enrichment procedures involve the use of 271 
compressed air to provide adequate levels DO, pure oxygen supply is particularly 272 
recommended when DO levels can be potentially compromised. That might be the case 273 
of live prey enrichments with high DHA contents, as oxygen depleting processes such 274 
as lipid peroxidation are especially favoured (McEvoy et al. 1995; Ries 2009). We 275 
therefore compared the performance of pure oxygen vs. compressed air when using 276 
M70 as enrichment diet, and conclude that no difference in either the HUFA 277 
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bioencapsulation into Artemia nor nauplial mortality were observed. Altogether, 278 
Experiment 1 allowed us to conclude that oxygen supplied with compressed air is an 279 
effective diffusion system to meet the DO demands in enrichment procedures with M70, 280 
and that other more expensive alternatives such as pure oxygen are not required.  281 
    Other factors like air flow and temperature during the enrichment procedure also need 282 
to be considered when a compromise between lipid peroxidation, oxygen supply and 283 
enrichment efficiency is pursued. In addition to oxygen solubility and its potential 284 
consequences in lipid peroxidation, the air flow during enrichment also determines the 285 
overall turbulence in the medium. It has been suggested that highly turbulent conditions 286 
during enrichment might impede the normal swimming behaviour of nauplii and 287 
damage the nauplial filtratory structures, thus ultimately hindering the incorporation of 288 
the enrichment product particles (Navarro et al. 1999; Monroig et al. 2006b). In 289 
agreement with those findings, the emulsion M70 exhibited a higher HUFA 290 
bioencapsulation efficiency when utilised at moderate air flows (“1 lpm”) than that at 291 
highly turbulent conditions (“3 lpm”). In contrast with the results reported by Monroig 292 
et al. (2006b), who investigated the enrichment efficiency of HUFA-rich liposomes 293 
under the same air flow conditions set for Experiment 2, the enrichment with M70 did 294 
not produce an excessive foam in the medium and thus the Artemia mortality caused by 295 
such an effect did not occur for any the air flow studied.  296 
    Temperature of the enrichment medium is a key factor for efficient bioencapsulation 297 
of HUFA into Artemia. Beyond controlling the oxygen solubility and lipid peroxidation 298 
mechanisms, temperature also determines the metabolic capability of Artemia nauplii 299 
and therefore important development landmarks such as the mouth opening and vitelum 300 
absortion, as well as the onset of filtering/natatory appendixes (Hochanchka & Somero 301 
1984; Anger 2001). Our results indicated that enhanced HUFA enrichment was 302 
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achieved at 28 ºC compared with 24 ºC, this being consistent with the vast majority of 303 
studies in which 28 ºC has been established as preferred enrichment temperature (Harel 304 
et al. 1999; Han et al. 2001; Sui et al. 2007; Boglino et al. 2012). In contrast, relatively 305 
low temperatures (21-22 ºC) were established in other studies (Garcia et al. 2008; 306 
Figueiredo et al. 2009), but unfortunately no specific reasons for the choice of these low 307 
temperatures, and the causes of their effects, were given. Since the enrichment 308 
efficiency of M70 did not appear to be compromised by potentially more pro-oxidant 309 
temperatures (“28C” vs. “24C"), we continued our investigations evaluating other 310 
experimental parameters potentially affecting the oxidative stability of M70 and 311 
consequently its HUFA bioencapsulation efficacy. 312 
    Another strategy to preserve DHA-rich enrichment diets from oxidation involves an 313 
adequate dosage along the enrichment protocol. While one single dose at the beginning 314 
of the enrichment process appears to be the most extended dosage mode (Estevez et al. 315 
1999; Villalta et al. 2005a, b), two doses, one at the beginning of the enrichment 316 
process and another one at mid-period (Evjemo et al. 1997, 2001; Estévez et al. 1998; 317 
Han et al. 2000, 2001; Sui et al. 2007; Hamre & Harboe, 2008) might contribute to 318 
reduce lipid peroxidation as the time of exposure to pro-oxidant conditions (continuous 319 
light, high temperature and limited dissolved oxygen) is minimised. The results from 320 
the present study confirmed that no differences in HUFA bioencapsulation existed when 321 
M70 was dispensed in one or two doses, and thus the oxidative stability of M70 enables 322 
this enrichment diet to be dispensed in a unique dose without any evident detrimental 323 
effect in terms of HUFA incorporation over 21 h of incubation. 324 
    Our experiments investigating the effects of the M70 concentration and the nauplial 325 
density on Artemia bioencapsulation efficiency evidenced that M70 behaved similarly 326 
to other enrichment products, and no special specification derived from its particularly 327 
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high-DHA content needs to be considered. Thus, a dose of 0.8 g L-1 of M70, equivalent 328 
in dry weight basis to the recommended 0.6 g L-1 for commercial products (McEvoy et 329 
al. 1995, 1996, 1997; Smith et al. 2002; Villalta et al. 2005a, b; Sui et al. 2007), 330 
resulted in increased DHA bioencapsulation into Artemia compared to lower 331 
concentration enrichments. At first glance, no significant differences in DHA contents 332 
between Artemia enriched at M70 concentrations of 0.6 and 0.8 g L-1 would have 333 
indicated that a concentration of 0.6 g M70 L-1 was sufficient to produce as much DHA 334 
enrichment as 0.8 g L-1. However, the high variability observed in the FA profiles from 335 
Artemia enriched at concentration of 0.6 g L-1 could have certainly masked a lowered 336 
bioencapsulation efficiency in comparison with that obtained at 0.8 g L-1. Indeed we did 337 
observe significant higher DHA/EPA ratio, as well as higher average contents of 338 
individual DHA for Artemia enriched at 0.8 g M70 L-1. These results enabled us to 339 
choose 0.8 g L-1 of the M70 emulsion as a more adequate enricher concentration than 340 
0.6 g L-1. Additionally, our experiment assessing the effect of nauplial density on 341 
HUFA enrichment revealed that M70 can be used at nauplial densities of 300 nauplii 342 
mL-1, with the potential limitation of DO not causing any apparent effect on nauplial 343 
motility (Southgate & Lou 1995). Qualitative (FA profile) enrichment efficiency of 344 
M70 did not vary between 150 and 300 nauplii mL-1. However, from a quantitative 345 
point of view (lipid %), a higher uptake of enrichment product was achieved at 150 346 
nauplii mL-1. Thus, any positive cost-effectiveness aspects related, among others, to a 347 
more restricted utilisation of enrichment product, pointing at 300 nauplii mL-1 as the 348 
recommended nauplial density for M70 enrichments, has to be counterbalanced by the 349 
higher uptake achieved at lower nauplial density. 350 
    The DHA/EPA ratio is a common biochemical parameter used to evaluate the 351 
nutritional suitability of diets for marine finfish larviculture (Reitan et al. 1994; Evjemo 352 
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et al. 1997). For instance, the yolk of marine fish eggs and the polar lipids of 353 
copepodites, natural preys of marine fish larvae in the wild, have DHA/EPA ratios 354 
around 2.0 (Fraser et al. 1989; McEvoy et al. 1997; Sargent et al. 1997; Sorgeloos et al. 355 
2001; Evjemo et al. 2003; Van der Meeren et al. 2008). Generally the results from the 356 
present study showed that the emulsion M70 allowed us to obtain in most cases Artemia 357 
nauplii with DHA/EPA ratios above 1.3 and only suboptimal experimental conditions 358 
(i.e., excessive aeration or relatively low temperature) resulted in lower values. It is 359 
worth mentioning that the DHA/EPA ratios of Artemia nauplii were particularly high 360 
(1.8-1.9) for Experiment 6, supporting that the final (optimised) experimental conditions 361 
developed for a more efficient use of M70 as enrichment diet had been adequately 362 
established. Moreover, M70-enriched nauplii had higher DHA individual contents and 363 
DHA/EPA ratios than nauplii enriched with commercial enrichment products like the 364 
one utilised in this study (DC Super Selco) and previous studies (Léger et al. 1986; 365 
Woods 2003; Lund et al. 2007; Naz 2008). Interestingly, Haché et al. (2011) recently 366 
reported DHA/EPA ratios of 3.6 in Artemia nauplii enriched with Algamac 3050, a 367 
commercial product based on spray-dried cells of the marine protist Schizochytrium sp. 368 
(Barclay & Zeller 1996). Since DHA concentration of Algamac 3050 (~40 % of total 369 
FA) is lower than that of M70 (~70 %), factors possibly related to the physical and 370 
biochemical nature of Algamac 3050 might account for such unexpectedly high HUFA 371 
bioencapsulation. Nevertheless, the results obtained from the present study clearly show 372 
that M70 emulsion was able to consistently produce DHA/EPA ratios above 1 in 373 
Artemia lipids, with particularly high values when optimised conditions are used. 374 
    In summary, the results from the present study indicated that an efficient utilisation of 375 
the emulsion M70 as enrichment diet for Artemia nauplii is achieved with incubation 376 
temperatures of 28ºC, low/moderate aeration (1 L min-1) and nauplial densities of 150 377 
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ind mL-1. Moreover, the emulsion M70 can be administered to newly hatched nauplii 378 
through a single dose of 0.8 g L-1, with no detrimental effects such as DHA 379 
autooxidation and nauplial mortalities becoming apparent. 380 
 381 
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Figure Legends 584 
Figure 1. Component plot (A) and factor score plot (B) of the multivariate Principal 585 
Components Analysis of selected FA from total lipids of enriched Artemia nauplii from 586 
Experiment 6. 587 
588 
28 
Table 1. Fatty acid composition (percent of total fatty acids) of the enrichment products 589 
M70 and DC Super Selco (DCSS, Inve, Ghent, Belgium) utilised in the present study 590 
Fatty acid M70 DCSS  
14:0 0.1 1.3 
16:0 0.9 5.2 
16:1n-7 0.4 1.9 
18:0 0.4 2.7 
18:1n-9 3.7 9.2 
18:1n-7 0.5 1.6 
18:2n-6 0.7 4.8 
18:3n-3 0.6 1.0 
18:4n-3 0.4 1.8 
20:0 N.D. 0.4 
20:1n-9 0.3 2.3 
20:3n-6 0.1 0.1 
20:4n-6 2.4 1.6 
20:3n-3 0.1 0.2 
20:4n-3 0.5 1.1 
20:5n-3 7.7 31.6 
22:0 0.1 0.4 
22:1n-11 0.1 0.2 
22:5n-3 2.7 2.2 
22:6n-3 70.3 20.6 
Saturated 1.8 10.3 
Monounsaturated 5.2 18.5 
Polyunsaturated 91.1 66.2 
HUFA n-3 81.3 55.6 
HUFA n-6 8.0 2.6 
29 
DHA/EPA ratio 9.1 0.6 
 591 
N.D.: not detected; HUFA n-3: ≥20:3n-3; HUFA n-6: ≥20:2n-6; DHA/EPA: 592 
docosahexaenoic and eicosapentanoic fatty acid ratio.  593 
30 
Table 2. Experimental conditions set up in the experiments carried out in the present 594 
study. DC Super Selco (DCSS, Inve, Ghent, Belgium) was used as control treatment in 595 
Experiment 6 as indicated in Materials and Methods 596 
 Treatment  Oxygen 
source 
Air flow 
(L min-1) 
Temperature 
(ºC) 
Product 
concentration 
(g L-1) 
Doses Nauplial 
density 
(nauplii mL-1) 
Exp. 1 oxygen Oxygen 1 28 0.8 1 300 
 air Air 1 28 0.8 1 300 
 mixture Oxygen+Air 1 28 0.8 1 300 
Exp. 2 1 lpm Air 1 28 0.8 1 300 
 2 lpm Air 2 28 0.8 1 300 
 3 lpm Air 3 28 0.8 1 300 
Exp. 3 24C Air 1 24 0.8 1 300 
 28C Air 1 28 0.8 1 300 
Exp. 4 0.6 Air 1 28 0.6 1 300 
 0.8 Air 1 28 0.8 1 300 
Exp. 5 2 doses Air 1 28 0.8 2 300 
 1 dose Air 1 28 0.8 1 300 
Exp. 6 low dens Air 1 28 0.8 1 150 
 high dens Air 1 28 0.8 1 300 
 DCSS Air 1 28 0.6 1 300 
 597 
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